More than a dozen indoor air quality studies have reported a large discrepancy between concentrations measured by stationary indoor monitors ( SIMs ) and personal exposure monitors ( PEMs ) . One possible cause of this discrepancy is a source proximity effect, in which pollutant sources close to the respondent cause elevated and highly variable exposures. This paper describes three sets of experiments in a home using real -time measurements to characterize and quantify the proximity effect relative to a fixed distant location analogous to a SIM. In the first set of experiments, using sulfur hexafluoride ( SF 6 ) as a continuously emitting tracer pollutant from a point source, measurements of pollutant concentrations were made at different distances from the source under different air exchange rates and source strengths. A second set of experiments used a continuous point source of carbon monoxide ( CO ) tracer pollutant and an array of high time resolution monitors to collect simultaneous concentration readings at different locations in the room. A third set of experiments measured particle count density and particle -bound polycyclic aromatic hydrocarbon ( PAH ) concentrations emitted from a continuous particle point source ( an incense stick ) using two particle counters and two PAH monitors, and included human activity periods both before and during the source emission period. Results from the SF 6 and CO experiments show that while the source is emitting, a source proximity effect can be seen in the increases in the mean and median and in the variability of concentrations closest to the source, even at a distance of 2.0 m from the source under certain settings of air exchange rate and source strength. CO concentrations at locations near the source were found to be higher and more variable than the predictions of the mass balance model. For particles emitted from the incense source, a source proximity effect was evident for the fine particle sizes ( 0.3 to 2.5 m ) and particle -bound PAH up to at least 1.0 m from the source. Analysis of spatial and temporal patterns in the data for the three tracer pollutants reveal marked transient elevations of concentrations as seen by the monitor, referred to as``microplumes,'' particularly at locations close to the source. Mixing patterns in the room show complex patterns and directional effects, as evidenced by the variable intensity of the microplume activity at different locations. By characterizing the spatial and temporal variability of pollutant concentrations in the home, the proximity effect can be quantified, leading to improved indoor monitoring designs and models of human exposure to air pollutants.
Introduction
On the average, the U.S. population is either indoors or inside a vehicle 95% of the time ( Nelson et al., 1994 ) , and numerous studies have shown that indoor concentrations of toxic pollutants are generally higher indoors than outdoors (Ott, 1995 ) . In indoor air quality studies, stationary indoor monitors (SIMs ) are placed in the most frequently used rooms of a home to measure room average concentrations for calculations of exposure and health risks. However, a large discrepancy has been reported between concentrations measured by conventional SIMs and by personal exposure monitors ( PEMs ) worn by respondents. This discrepancy has come to be known as the``personal cloud.' ' Rodes et al. (1991) compared the ratios of PEM to SIM measurements for five research studies, and found that the median PEM / SIM ratio ranged from 1.6 to 13.4 in these studies. In USEPA's Particle Total Exposure Assessment Methodology (PTEAM) study of 178 residents of Riverside, California, people wearing PEMs experienced PM 10 concentrations that were 50% higher than SIM readings, even when they stayed indoors at home all day, with some PEM /SIM ratios as high as 40 ( Pellizzari et al., 1993 ) .
Understanding the sources of the personal cloud is critical for establishing how indoor air quality affects human health, since indoor air quality monitors cannot adequately reflect the health effects on residents unless these monitors also accurately reflect the exposures that residents receive. Many hypotheses have been proposed to explain the personal cloud (Rodes et al., 1991; O È zkaynak et al., 1996 ) . The personal cloud may result from a source proximity effect, in which sources close to the respondent cause higher pollutant concentrations than those measured by SIMs. The personal cloud may also result from the effect of room divisions which may reduce movement of pollutants from room to room in the home. Thermal effects induced by body heat may affect transport of the pollutant and create a personal cloud. For particles, the personal cloud may result from resuspension in the vicinity of a moving individual or from clothing worn by the individual.
This study focuses on the role of the source proximity effect in explaining the personal cloud. Efforts to quantify the magnitude of the proximity effect must include an examination of mixing in the indoor environment. The most commonly used source -oriented model for indoor air studies, the single compartment mass balance model, relies on the assumption that pollutants are instantly dispersed and mixed completely in a room (National Research Council, 1991; Ott et al., 1992 ) . This assumption does not appear to be adequate in some cases. Mage and Ott (1996 ) note that few data have been available for the time period during which the indoor source is actually emitting, which they call the``alpha'' period. To account for nonuniform mixing, Nicas ( 1996 ) models steady -state concentrations in a room by dividing it into an upper zone and a lower occupancy zone. Baughman et al. (1994 ) demonstrate that natural convection may play a significant role in mixing in a room. Furtaw et al. (1996 ) examined indoor concentrations of a tracer gas at various distances from its emission source in imperfectly mixed compartments during the initial phases of the alpha period. Under a variety of air exchange rates, they found that measured concentrations near the source were higher than the predictions of a well -mixed single compartment mass balance model, and that the degree of deviation was related to distance and air exchange rate. They report that the average concentration at arm's length from a source exceeds the theoretical well -mixed concentration by a ratio of 2:1, with considerable variability about this ratio. This paper builds on the initial approach of Furtaw et al. ( 1996 ) by ( i) conducting extensive monitoring experiments in an occupied house rather than in an enclosed chamber; ( ii ) studying the time period during which the indoor source is emitting, or alpha period; and ( iii ) evaluating the effects of factors such as the source emission rate, air exchange rate and human activity on the temporal and spatial variation of concentrations in a real home. The use of an occupied residence as an experimental setting gives important insights into human exposure through characterization of pollutant mixing and dominant directions of pollutant transport in a home. We quantify the proximity effect by comparing concentrations near the source with those measured at a distant fixed monitor, which serves as an analog of a SIM in a traditional air quality study. We characterize spatial and temporal heterogeneity of three tracer pollutants in relation to position and strength of the pollutant source and controlled changes in air exchange rates. By using monitoring methods that measure concentrations with high time resolution, this study seeks to identify and quantify factors that explain the proximity effect in the indoor environment. Such understanding is critical to interpreting the health risks of indoor air quality, siting indoor air quality monitors, and developing models of human exposure to air pollution.
Experimental setting and measurement methods
Experiments were conducted in the living room of a fourbedroom, two -story home in Redwood City, California. Constructed in 1986 with a floor area of 201 m 2 (2163 ft 2 ), this occupied home has furniture in each room and wall-towall carpets on all floors except the kitchen, bathrooms, and front door entryway. The home has a complex geometry that includes a cathedral ceiling in the living room. The home is surrounded by similar residential neighborhoods with little traffic and no industry. A substantial body of indoor air quality data exists from previous studies in this home Ott et al., 1996; Wallace and Ott, 1996 ) .
Real -time measurement monitors were used in the home to measure SF 6 , CO, particle count density, and particlebound PAH. More traditional methods for monitoring indoor air quality rely on filter samples collected over extended time periods of 12 to 24 h, and the results may not be known until laboratory analysis is completed. By contrast, a``real -time'' measurement method is one that provides results at the same time that the measurements are being made, allowing results to be read and stored with a time resolution of seconds to minutes. Real -time methods allow the analyst to measure the rapid fluctuations of concentrations with time in a manner that is important for understanding and characterizing the spatial and temporal variability of concentrations, as required for our proximity effect studies.
The basic measurement principles of the monitors include photoacoustic infrared spectroscopic detection of SF 6 , electrochemical sensing of CO, laser diode particle counting of particle count density in six size classes, and photoionization detection of particle -bound PAH. The instruments included the Bru Èel and Kjñr Type 1302 multigas monitor for SF 6 ( Decatur, GA ), the Langan Products L15 CO Personal Exposure Measurer 2 ( San Francisco, CA ) , the Met -One Model 237B laser particle counter (Grants Pass, OR ), and the EcoChem 1002i PAS PAH monitor ( West Hills, CA ). For each pollutant, two or more monitors were available, allowing simultaneous comparison of concentrations at two or more locations in a room. In all experiments, clock times of the monitors were carefully synchronized with each other to within 1 s, so that concurrent readings at different locations could be compared. All of the monitors were capable of measuring concentrations over time periods of less than 2 min. A series of quality assurance experiments showed close agreement between two monitors measuring the same tracer pollutant in the room, when placed side -by-side and attached to a common intake manifold. Because of their high time resolution, high sensitivity, and high selectivity for the tracer pollutant under study, these instruments were well suited for determining relatively small differences in concentration as a function of time at different locations in a room when a controlled tracer pollutant was released from a point source.
Relationship of proximity effect to covariates using SF 6 as a tracer gas Using sulfur hexafluoride ( SF 6 ) as a continuously emitting tracer gas, a series of experiments was performed to quantify spatial variation and characterize source proximity effects as a function of four factors: ( i) horizontal distance from source to monitor, ( ii) height (measured from the floor ), (iii ) air exchange rate ( controlled through window positions in the home ) , and (iv ) source strength of SF 6 (in cc /min ). The series of experiments used statistical experi- Figure 1 . Arrangement of tracer gas emission system and monitoring stands in the living room of the home for the source proximity effect experiments utilizing SF 6 as a tracer gas. Similar arrangements of stands were used for experiments with CO and fine particles as tracer pollutants. For all experiments, the source remained at the same location.
mental design principles to ensure that factors responsible for the proximity effect could be identified.
The studies of the spatial and temporal variation of SF 6 in a room utilized two identical Bru Èel and Kjñr 1302 Multigas monitors. The photoacoustic spectroscopic principle measures the sound emitted by an enclosed gas sample when it absorbs chopped light ( light that turns on and off at a fixed frequency ). Use of specially designed optical filters allowed selective identification of SF 6 , CO 2 , and water vapor. At the range of concentrations measured in these experiments ( 0.05 to 80 ppm ) , no interfering compounds were observed either in the home or in ambient air, so the only influence on indoor air quality in the home was from the controlled release of the SF 6 tracer pollutant.
To provide a constant flow rate of the tracer gas over several hours, an electronic flow regulation control system was constructed by mounting a regulator on the gas supply cylinder with its output attached by stainless steel tubing to the mass flow controller. Monitors sampled approximately once every 72 s. For most experiments, Teflon 1 tubing was connected to each monitor intake, allowing the sampling intake to be relocated to any point on a monitoring stand ( Figure 1 ) .
Our data analysis focuses on the period during which near-equilibrium conditions were achieved, referred to as the``experimental period.'' For low air exchange rate experiments, the tracer gas release was initiated 3 to 3.5 h prior to the start of the experiment; according to the mass balance equation, average concentrations at the start of the analysis period for these experiments were at approximately 65% of the equilibrium values. For medium air exchange rate experiments, because the tracer gas release was started 2 h prior to the experiment, the mass balance equation predicted that the average concentrations at the start of the experimental period were 70± 90% of equilibrium values. For high air exchange rate experiments, the tracer gas release was also initiated 2 h prior to the start of the experiment; in this case, the mass balance equation predicted that average concentrations at the start of the analysis period were at 95% of the equilibrium value.
The factors of primary interest in the investigation of the source proximity effect were flow rate, air exchange rate, and spatial location. Three tracer gas emission rates were studied:``low'' ( 20 cc /min ),``medium'' (80 cc /min ) , and`h igh'' (160 cc/ min ). Three window positions were investigated to provide the three air exchange rates described in Table 1 , which are fairly typical of the air exchange rates measured in surveys of more than 2000 U.S. homes (Pandian et al., 1998 ) . The effective air exchange rate was calculated for each experimental session based on the rate of decay in measured SF 6 concentrations for the first one -half hour after the tracer gas had been turned off.
Monitoring positions were located at horizontal distances of 0.25, 0.5, 1.0, and 2.0 m from the source. Heights of primary interest ( measured from the floor ) were 0.61, 1.07, and 1.53 m. The source was located at a fixed position at 0.61 m from the floor. Monitoring positions are listed in Table 2 and shown in Figures 1 and 2 . An additional monitoring position, at a distance of 5.4 m from the source, was added to provide measurements of indoor concentration far removed from any proximity effect. This location, which represented a typical SIM, is analogous to a monitor used in an indoor air quality study to characterize indoor air quality in this room. We refer to the location as the``SIM location,'' and we use it as a reference point to quantify the proximity effect.
The design of the SF 6 experiments used a total of 13 monitoring locations. A schematic of positions in the room is given in Figure 2 . With three source strength levels, three air exchange rates, and 13 locations of interest, there are 117 potential experimental combinations for a full factorial experiment. To reduce the number of experimental runs while maintaining a design that enabled measurement of effects of different factors on concentrations, a fractional factorial design was employed (Box et al., 1978 ) . As applied to the SF 6 experiments, the fractional factorial design consisted of nine experimental sessions in which each level of air exchange rate and each level of source strength (as characterized by three flow rates ) was repeated three times.
Because only two SF 6 monitors were available, each experiment was conducted by moving each monitor's sampling intakes according to prescribed sampling patterns in the room. The experiments were intended to capture spatial and temporal variation in a balanced design, and they included replication of measurements in locations with high variability in concentrations. Three types of positioning sequences for the monitors were developed to provide a variety of spatial coordinates for measurement. First, for thè`s tandard'' positioning sequence, monitors took readings at a constant height of 0.61 m, at different horizontal distances along a 458 axis from the corner of the coffee table. Second, for the``height'' sequence, locations were sampled along the same axis, but measurements were added at the three heights ( 0.61, 1.07, 1.53 m ) at horizontal distances closest to the source ( 0.25, 0.5 m ) . Third, for the``angle'' positioning sequence, monitors took readings at a constant height of 0.61 m, and monitoring positions were added at two additional angles for horizontal distances closest to the source (0.25, 0.5 m ) . For all experiments, data were collected at the 0.25 and 0.5 m distances for a 30-min time segment, providing 25 measurements, and at the 1.0 and 2.0 m distances for a 15 -min time segment, providing approximately 13 measurements. The observed variability at positions closer to the source was higher, justifying the increased monitoring time at these locations. For all positioning sequences, experiments began and ended with the monitor intakes at the SIM location.
Findings from SF 6 experiments
Summary statistics were calculated for concentrations measured during each time segment in each experimental session. For example, in experiment 9, two monitors were used in the standard positioning sequence, conducted at thè`h igh'' source strength (160 cc /min ) and``high'' air exchange rate (1.71 ach ). At a close -proximity position 0.25 m from the source at a height of 0.61 m along a 458 angle (A1 in Figures 1 and 2 ), the two monitors recorded median concentrations from 26.7 to 67.1 ppm; mean concentrations from 26.1 to 62.5 ppm; and standard deviations from 15.0 to 29.2 ppm. By comparison, at the more remote SIM location ( 5.4 m from the source at a height of 0.61 m ) , median concentrations for the two monitors ranged from 5.3 to 7.4 ppm; means ranged from 5.6 to 7.4 ppm; and standard deviations ranged from 2.1 to 3.8 ppm. The interquartile range measures the degree of variation; at the close -proximity position ( position A1 ), the interquartile ranges were between 19.8 and 50.7 ppm for the two monitors during the experiment. By contrast, at the SIM location, the interquartile ranges for measured concentrations were between 2.4 and 5.2 ppm. Figure 3 shows a series of boxplots of concentrations by monitoring position for one of the monitors in experiment 9. Following our sampling design, we obtained at least two time segments of data at each location; separate boxplots are shown for each monitoring segment. The boxplot shows the quartiles and median of the distribution of concentration data during a monitoring segment at each location, while also giving a picture of the extreme concentrations and outliers. Higher medians and increased variability occur at horizontal distances of 0.25 and 0.5 m from the source. With increased distance from the source, medians and variability decrease, as seen at positions 2.0 and 5.4 m from the source. This plot also depicts the complexity of spatial and temporal variation typically found in these experiments. For locations at 0.25, 0.5, and 1.0 m from the source, different medians and magnitudes of variability can be seen at the same location during different sampling periods; in addition, measured variability was higher during the first 1 m sampling period than during the second 0.5 m sampling period. Thus, the magnitude of variation does not appear to decrease uniformly with distance in many of these experiments. To characterize the relationship between the proximity effect and controlled changes in air exchange rates and source strength, ratios of the mean and median SF 6 concentrations (in ppm ) at various monitoring locations relative to mean and median SF 6 concentrations at the SIM location were calculated and are shown in Table 3 . More than one ratio is shown in Table 3 for different positions, since the monitors recorded concentrations at each position for two or more time segments during each experimental session. With the exception of experiment 8, a relative proximity effect can be seen at 0.25 m in all experiments. In experiments 1, 2, 5, and 9, which represent air exchange rates between 0.3 and 1.7 ach and source strengths between 20 and 160 cc /min, the relative proximity effect is still apparent at distances up to 2.0 m. Other experiments such as 4 and 6 do not show a strong proximity effect beyond 0.5 m. Statistical modeling will be required to assess more fully the effects of controlled changes in air exchange rates and source strengths on the proximity effect at different locations.
The relationship of air exchange rate and source strength to median ratios can also be seen in Figure 4 . Using ratios from 7 experiments, Figure 4 shows median ratios for a position 0.25 m from the source at a height of 0.61 m plotted against air exchange rate and source strength. The lack of a clear trend in these plots indicates that increasing the air exchange rate or decreasing the source strength does not appear to diminish the magnitude of the relative proximity effect at 0.25 m. This finding is also evident at 0.5 m.
Preliminary analysis of data collected from a set of experiments using a continuously emitting tracer of SF 6 gas in a home indicates the following: o A strong source proximity effect exists during the experimental period. The source proximity effect is greatest at distances within 0.5 m of the source but still can be detected 2.0 m from the source. The strength of this effect varies across experiments and experimental conditions. o Overall, at locations close to the source, the concentration time series show high median concentrations and variability which both tend to decrease with distance from the source. However, as shown in Figure 3 , the data also show complex mixing patterns within 1 m of the source. o The magnitude of the source proximity effect is not diminished by reductions in source strength or by increases in the air exchange rate at distances up to 0.5 m, although the functional relationship between concentrations and these two covariates is not clear from the initial analysis. o The SIM location in our experiment could underestimate the exposures that a person would receive from a continuously emitting point source in a room by a factor in excess of 2 ( hourly average value ) under air exchange rates ranging from 0.3 to 1.7 ach.
Space± time variation of CO tracer gas and the proximity effect
The SF 6 experiments allowed the proximity effect to be quantified at different locations in the room, but because only two monitors were available, information on the temporal and spatial mixing patterns was limited. Experiments using carbon monoxide ( CO ) as a tracer gas allowed for a more complete temporal and spatial characterization of pollutant concentration, since an array of monitors with high time resolution was available to take simultaneous measurements. Four CO experiments were designed with the following goals: (i ) to measure the spatial variation of pollutant concentrations in the vicinity of a source by sampling simultaneously at the same 12 locations during each experiment; (ii ) to measure the temporal variation of concentrations at a given location by collecting measurements at 15 -s intervals over an experimental period of at least 6 h at each sampling site; ( iii ) to assess the effect of source strength and air exchange rate by conducting experiments at low emission and air exchange rates, and at higher emission and air exchange rates; and (iv ) to examine the day-to -day variability of observations under a given set of experimental conditions by performing duplicate experiments. The CO tracer pollutant was emitted from a pure CO gas cylinder through a mass flow controller that maintained the flow rate entering the room at a very constant value 2%. The Langan L15 Personal Exposure Measurer used in our experiments employs a three -electrode diffusion -type Citicel 1 sensor (Langan, 1992 ) . The sensor operates by converting CO to CO 2 , releasing two electrons for each molecule of CO converted, and measuring an electric current as the freed up electrons travel from a``sensing'' to à`c ounter'' electrode. Quality assurance studies show that these monitors give results comparable with gas chromatography and when calibrated properly can measure to within 0.3 ppm. The CO sensor itself weighs only 2.5 oz, has no moving parts and causes no air movement. The low weight and compactness of the sensor allow it to be placed conveniently at any height on the monitoring stands constructed for these experiments ( Figure 1) . The monitors operate continuously and respond rapidly to concentration changes, with rise times of 40 ±60 s. Our sampling rate was set at 15 s, giving fairly accurate readings of 2 -min average concentrations. Coaxial cables connected to each sensor on the monitoring stand carry the analog voltage signal to a DataBear 1 data logger ( Langan Products, San Francisco, CA ), which stores the data in digital form allowing easy transfer to a personal computer.
Two experimental combinations of flow rates and two air exchange rates (controlled by window positions in the home ) were investigated:``low'' source strength ( 20 cc / min ) with a``low'' air exchange rate ( 0.3± 0.4 ach ) and`m edium'' source strength ( 60 cc /min ) with a``medium'' air exchange rate ( 1.7± 1.9 ach ) . This design allowed for replication of key combinations of covariates, while ensuring safe levels of CO for investigators in the house. Fans and mechanical ventilation systems were not operating in the home during the experiments, and human activity was minimized during the experimental sessions.
As in the SF 6 experiments, the source release began hours before the experiment started to ensure that nearequilibrium conditions in the room had been established. For the CO experiments, release of the pollutant was initiated 4 to 4.5 h prior to the start of low air exchange rate experiments, resulting in concentrations that were predicted by the mass balance equation to be at 70 ± 85% of equilibrium values. For medium air exchange rate experiments, initiating the CO release 1 h prior to the start of the experiment allowed the average concentrations to reach 80 ± 90% of equilibrium values predicted by the mass balance equation. To focus more narrowly on the steady-state period in analyzing the CO data, we used actual measurements to determine the``experimental period'', defining the start as the time when the concentration at the SIM location first reached 95% of the average of the last hour of measurements prior to CO gas shut off.
The monitoring locations for the CO experiments, which utilized stands each holding up to three small CO monitors, were similar to that of the SF 6 experiments (Figure 1 ). Twelve monitors were positioned to enable simultaneous sampling at three heights (0.61, 1.07, and 1.53 m ) , three angles (458, 1808, 2708) , and five horizontal distances (0.25, 0.5, 1.0, 2.0, 5.4 m ) from the source over a period of several hours, with readings taken every 15 s. Monitoring positions are given in Table 2 , and shown in Figure 2 . During the experimental period, higher and more variable CO concentrations could be seen at monitors located in close proximity (horizontal distance 2 m ) to the source. Measurements at the most distant monitor, the SIM location (5.4 m from the source at an angle of 1658 and height of 0.61 m ) , showed lower, slowly varying concentrations; this SIM monitor was in the same location as that used in the SF 6 experiments. Table 4 . Summary statistics for ratios of CO ( ppm ) at different monitoring locations to concurrent CO readings ( ppm ) at the SIM location for experiment 1, run at a``low'' source strength ( 20 cc / min ) and``low'' air exchange rate ( 0.28 ach ) . Location codes reference to Figures 1 and 2 . Two-minute averages of the data are used for the ratios.
Monitor location
Ratio of CO ( ppm ) at monitor location to concurrent CO ( ppm ) at SIM location 
Findings from CO experiments
The CO experiments confirmed the strong proximity effect seen in the SF 6 experiments, as evidenced by summary statistics, boxplots, and time series plots of the data collected. At a height of 0.61 m, higher median concentrations and higher variability were seen at monitoring locations closest to the source. Table 4 shows the proximity effect in terms of ratios relative to the SIM. Summary statistics for these ratios are shown for each monitoring location in experiment 1, run at a low air exchange rate and low source strength. Two -minute averages of the data were created by taking averages of successive intervals of eight 15-s measurements. Using the 2 -min average data, mean ratios at locations closest to the source range from 1.2 to 4 times the SIM level, evidence of a source proximity effect which also depends on the angle and height of the monitor relative to the source. The proximity effect was most pronounced at heights of 0.61 and 1.07 m.
The ratios shown in Table 4 also indicate a preferential direction for the proximity effect, which is presumably the result of the ventilation patterns for this home seen during this experimental session. Average concentrations during the experimental period in the near vicinity of a source ( 0.5 m away ) along a 458 angle from the source typically reached three times the SIM level. Along the 458 angle, average concentrations were double those at the SIM location even at one to two meters from the release point. Locations along a 2708 angle showed less evidence of a proximity effect as measured relative to the SIM location.
The proximity effect was most pronounced at the low and middle heights in the room. In experiment 1, for example, for monitors at heights of 1.53 m, based on 2-min averages, mean ratios did not exceed 1.5. While concentration levels in close proximity to the source averaged about 40% above the SIM location for the four high monitoring positions, they averaged 280% above the SIM location for the seven lower monitoring locations. We are currently investigating whether indoor temperature profiles are contributing to inhibited vertical mixing in the room.
Figure 5 reveals complexities in the proximity effect that were not apparent in our previous SF 6 experiments. Shown are boxplots of the logarithm of concentrations for each monitoring position for experiment 1, calculated from 2-min average data. The first four boxplots show concentrations at four positions along the same 458 angle from the source at a height of 0.61 m ( positions A1, B1, C1, D1 ) as well as the SIM location, which was at the same height but at an angle of 1658. As horizontal distance from the source Figure 5 . Boxplot of 2 -min averages of CO concentrations ( in log 10 of ppm ) by position for experiment 1, conducted at``low'' air exchange rate ( approx. 0.3 ach ) and``low'' flow rate ( 20 cc / min ) . Each boxplot represents 6 h of continuous monitoring at the given location. increases, median concentrations at a height of 0.61 m, displayed by the white line in the middle of each box, rise from 17.5 ppm at 0.25 m to 23.9 ppm at 0.5 m, and then fall to 14.5 ppm at 1.0 m and 12.9 ppm at 2.0 m. Thus, at a constant height and angle, concentrations do not appear to decline in a monotonic way, but rather show complex behavior close to the source. As seen in the boxplots of concentrations at 0.25 and 0.5 m from the source at heights of 1.53 m ( 1, 1 ), variation decreases significantly.
Similar complex patterns of variation within 0.5 m from the source were seen in all four experiments. Figure 6 shows three time series of 2 -min average concentrations for experiment 1, corresponding to monitors all located at a height of 0.61 m, at varying horizontal distances from the source. These three monitoring positions are labeled B1, C1, and D1 in Figures 1 and 2 . Jointly plotted as a dotted line in each figure is the concurrent time series at the SIM location, which shows only gradual changes in overall room concentrations. The source proximity effect is sufficiently strong to cause the average CO concentration measured 0.5 m from the source to be 4.1 times the average of the SIM location during the 6 -h experimental period (see Figure 6a ) . At 1.0 m from the source, the average CO concentration is 2.4 times the average concentration observed at the SIM location (see Figure 6b ) . At 2.0 m from the source, the average CO concentration is 2.1 times the average CO concentration observed at the SIM location (see Figure 6c ) . A similar source proximity effect relative to the fixed SIM location was seen in four experiments, although its magnitude varied.
The time series for all three sites in Figure 6 exhibit concentration peaks of short duration interspersed with concentration levels closer to the SIM measurements. We refer to these transient elevated concentrations as seen by the monitor as``microplumes.'' The frequency, duration and peak height of these microplumes are related to distance from the monitor. By the time pollutant emissions reach the SIM location, it appears that the microplumes have diffused, causing the concentration to change gradually and smoothly with time. Thus, the source proximity effect in this room Ð the statistical differences between the SIM and the monitoring points closer to the source Ð can be explained by these microplumes, which appear as concentration peaks Figure 7 . CO time series predicted by mass balance equation ( parameters estimated using a SF 6 gas release ) , compared with CO concentration observed at four different locations at increasing distance from the source. This experiment was run at a low ( 0.35 ach ) and low flow rate ( 20 cc / min ) .The elapsed time shows time of day, beginning at 3:00 PM. of short duration ( i.e., tall, brief impulses ). A detailed modeling study of the observed microplumes is in progress.
Like the results reported by Furtaw et al. ( 1996 ) for concentrations measured near a continuously emitting point source in a chamber, CO concentrations measured at locations in the room near the source were higher than predictions of the well-mixed single compartment mass balance model. In one CO experiment with multiple monitors, for example, CO was released continuously at 20 cc/min (1200 cc/ h) beginning at 3:15 PM, and was turned off at 12:00 PM. Concurrently, we released SF 6 tracer gas at 200 cc /min for 47 min beginning at 4:05 PM to measure the air exchange rate of the home as 0.347 ach and the home's mixing volume as 457 m 3 . Using parameter estimates derived from the SF 6 release, the well -mixed mass balance model predicted a gradually increasing CO concentration reaching 7.2 ppm at midnight and rising asymptotically toward the equilibrium value of (1200 cc / h ) /[( 547 m 3 ) (0.347 ach ) ]= 7.57 ppm. Figure 7 shows a comparison of the mass balance model's predicted profile for a well -mixed space with CO concentrations measured at the SIM location (Figure 7a ) , an alternate SIM location located 4.5 m from the source at the opposite side of the room (Figure 7b ), a site 2.0 m from the source (Figure 7c ) , and a site 0.5 m from the source ( Figure 7d ). When the observed CO concentration time series are compared with the predictions of the mass balance model, observed CO concentrations near the source (Figure 7c,d ) are generally higher than the model's predicted profile and show considerable variation while the source is on. Observed CO concentrations at sites distant from the source ( Figure  7a ,b ) are closest to the mass balance model's predictions, showing slowly varying baseline concentrations and little microplume activity. This indicates that the proximity effect is slight at distances beyond 4.5 m from the source at angles differing by 1808. Figure 7a also shows how well the SIM location chosen for our experiments agrees with the calculated concentration profile for a well-mixed space. As illustrated by the examples in Figure 7 , when the source is turned off, the proximity effect attenuates rapidly as observed CO concentrations approach the mass balance model's predictions. For all monitoring sites, the excess CO concentration above the model calculation was less than 3 ppm 5 min after the source was turned off. This property exhibited in Figure 7 was seen at all monitoring locations.
In summary, our analysis of CO concentrations from the four experiments using the multipoint sampling array with a continuously emitting point source in a living room shows the following: o A pronounced source proximity effect is evident along one or more angles in each experiment. The primary direction of the proximity effect varied on different experimental days.
o Greater microplume activity was seen at heights of 0.61 and 1.07 m than at 1.53 m. The vertical spread of the pollutant from a nonbuoyant source appears to be greatly inhibited under the conditions found in this home during these experiments. o The source proximity effect cannot be characterized solely on the basis of overall distance from a source. Instead, consideration must be given both to differences in the vertical direction between the source and the site of interest, and to whether the site lies in the horizontal direction in which the microplumes tend to disperse. o The predictions of the mass balance equation generally underestimate the magnitude and variability of concentrations near the source while the source is emitting. When the source is turned off, concentrations at different points in the room approach the predictions of the mass balance model for a well -mixed space.
Particulate matter and the proximity effect
A third set of experiments in the home measured particle count density and particle -bound polycyclic aromatic hydrocarbon (PAH ) concentrations emitted from a continuous particle point source using two particle counters and two PAH monitors. Of interest was whether different particle size class counts and particle -bound PAH concentrations would show the same proximity effects as SF 6 and CO, and to what extent microplume activity could be seen in the particle and PAH data. The particle experiments were also designed to determine the effect of human activity on the degree of variation seen in the measurements. A large incense stick, approximately 50 cm in length and weighing approximately 10 g, provided a sustained, wellcontrolled buoyant source of particulate emissions, with an emission rate large enough to cause a significant elevation above pre -experiment indoor particle levels. The burning incense stick resembles other indoor heating /combustion processes (e.g., cooking, burning of candles) . A narrow stream of pollutant could be seen initially rising from the incense stick and then meandering horizontally in variable directions for distances of up to one meter before dissipating from view. This visible microplume activity appeared consistent with what had previously been measured at close proximity locations during the SF 6 and CO experiments.
Experiments were conducted in the early afternoon to ensure that outdoor wood smoke, typically generated in the evening in the vicinity of the home, did not interfere with particle readings. The incense was burned for approximately 1.5 h in each experiment; in contrast with the SF 6 and CO experiments, this was a pulsed release of tracer pollutant, similar to many sources in the home.
The Met -One Model 237B laser particle counter used in our studies has a 2.8 Lpm (0.1 cfm) flow rate and measures the following specially selected size ranges (in m ) : 0.3 ± 0.5; 0.5± 1.0, 1.0± 2.5; 2.5 ±5.0; 5.0 ±10.0; and greater than 10.0. We requested that the manufacturer modify the instruments to measure these size ranges in part because air pollution health research studies and federal air quality standards have focused on the PM 2.5 and PM 10 size ranges (nominally < 2.5m and < 10m aerodynamic diameter). The size intervals are on a nearly logarithmic scale with respect to optical diameter. The monitor sampling period was set give one 15 -s integrated particle count every minute for each of the six size ranges.
To evaluate the comparability of the two Met -One laser particle counters side by side with the same input, a short length ( 79 cm ) of 0.25-in. diameter Tygon 1 B-44-3 tubing was attached to each monitor, and the two lengths were joined together using a Teflon 1``Y '' connector as a common manifold inlet. Experiments using our standard incense combustion sources were conducted with this common manifold intake generating hundreds of 15 -s particle count values in each of six size ranges. Particle counts in the largest two size ranges (5 -10 m and greater than 10 m ) were too small to be included in this analysis. Figure 8 and Table 5 show comparisons of the two laser counters for a typical common manifold experiment with 498 sets of particle count values. The common intake was located at a 0.5 m horizontal distance from the source at a height of 0.61 m and at a 458 angle (position B1 in Figure  2 ). In Figure 8 , particle counts per cubic centimeter measured by monitor B are plotted against those measured by monitor A for four size ranges. The closeness of the plotted points to the 458 line through the origin is a measure of how well these monitors have been calibrated by the manufacturer. Figure 8a and b demonstrate that the 0.5 ±1.0 m size range measurements match very well, whereas the 0.3 ±0.5 m counts, while highly correlated, show a 5% systematic difference between the monitors. The larger particle size ranges (Figure 8c and d ) show more variability between the monitors, and the largest size range also shows an 18% systematic difference between the monitors.
By regressing the readings at monitor B versus the concurrent readings at monitor A, the slope, intercept, and the coefficient of determination (R 2 ) of the least squares line can be determined. Table 5 provides these values for each size range. The slope and the intercept have been used to correct monitor B relative to monitor A. The coefficient of determination for each of the size ranges is close to one, suggesting the measurements of the two monitors are highly correlated. The mean concentrations for monitors A are also provided in Table 5 . The intercept value is approximately 1% of the mean concentration for the two smaller size ranges, 5% of the mean concentration for the 1.0± 2.5 m size range, and 20% for the largest size range.
In Table 5 , the mean of the signed differences between monitor B and monitor A is expressed as a percentage of the mean at monitor A (``Percent difference'' column ). A negative value occurs when the monitor B mean measurement is less than that of monitor A. The relative precision achieved between the two sets of measurements for each size range is estimated by the root mean squared error ( RMSE ), which is the square root of the mean of the squared differences between monitor A and monitor B, expressed as a percentage of the mean at monitor A. The RMSE before and after bias correction is shown in Table  5 . The RMSE after bias correction for the 0.3 ±0.5 m and the 0.5± 1.0 m ranges is very small (approximately 1% ), while for the 1.0± 2.5 m and 2.5 ± 5.0 m ranges it is larger (8% and 15%, respectively ) but still in reasonably good agreement.
The EcoChem 1002i real -time PAH monitor operates by ionization of surface PAH, loss of photoelectrons, and subsequent measurement of the remaining positively charged particles in a filter electrometer. This monitor has been evaluated in several studies conducted by the USEPA ( Chuang and Ramamurthi, 1992; Ramamurthi and Chuang, 1997a,b ) , as well as by a number of other investigators (Burtscher and Schmidt -Ott, 1984; Neissner and Walendzik, 1989; McDow et al., 1990; Wilson et al., 1994; Agnesod et al., 1996 ) . These monitors have a rapid time response (rise times of less than 2 s) and a wide measurement range Ð from 10 ng/ m 3 to 20,000 ng /m 3 . The particle -bound PAH concentrations from each monitor were read and stored once every second by a DataBear 1 data logger. To sample at different points in the room, flexible extension tubing was attached to each monitor. The PAH monitors showed excellent agreement when the two intakes were placed side -by-side (average difference less than 20 ng /m 3 ) , providing good measurements of fine particle -bound PAH ( less than 2.5 m ) generated via combustion sources. The conversion used was 1000 ng/m 3 per picoamp of current. Twenty-one separate particle experiments were performed: six preliminary experiments to develop a standard experimental protocol; six experiments using a standard protocol comparing different monitoring locations; and nine quality assurance experiments using colocated monitor pairs. A standard experimental protocol provided a time plan in one-half hour increments for different combinations of human activity and source emissions during a typical experimental session. Monitor positions were chosen to examine horizontal distance effects and height effects ( Table 1) . For this buoyant emission source, the greatest variability in particle readings was found at heights of 1.53 m, so these higher positions were emphasized. As in the SF 6 and CO experiments, data was collected at a distant location, 5.4 m away, analogous to a SIM in a traditional indoor air quality study. This location, measured at a height of 1.53 m, is called``SIMhigh'' in Figure 2 and Table 2 . Readings were taken every second in the case of the PAH monitors, and every minute in the case of the particle counters for six size ranges. All experiments were run at an air exchange rate of approximately 1 ach, achieved by using pretested window positions in the home.
Under our experimental protocol,``human activity'' was characterized by two or more investigators walking in predetermined patterns about the living room. Walking lasted 2 ±3 min and was performed at 5 -min intervals during the designated human -activity period; between walking periods, the investigators sat in the living room within approximately one meter of the source. During periods of no activity, investigators confined themselves to an adjacent room. Human activity in the vicinity of the experimental setup created two potential types of perturbations: ( i) increased mixing and dispersion, as well as (ii ) increased airborne concentrations of the larger particles due to resuspension and /or personal shedding. Of interest was how human activity might interact with the source proximity effect for different particle sizes.
Findings from particle experiments
In the case of fine particles, the results of the particle experiments confirmed the earlier findings regarding the proximity effect seen in the CO and SF 6 experiments. Summary statistics were calculated for counts measured in one -half hour time segments for each experimental session. These time segments depict four combinations of source emissions and human activity: source on or off, and human activity present or not present. To characterize the relationship between the particle number concentration at various distances from the source versus the particle number concentration at the SIM location, mean and median ratios are calculated for the half -hour time segments. Examples of median and mean concentrations at 1.0 m (position 1) relative to median and mean concentrations at the SIM location``SIM -high '' are given in Table 6 for the sequence of events used in one experimental session. The data from the smallest four size ranges are corrected using the slope and intercept values from the least squares fit line provided in Table 5 .
The proximity effect can be seen clearly in the median and mean ratios for the finer particles (0.5 to 2.5 m). Before the source is on, the mean and median ratios for the monitor location at 1.0 m from the source versus the``SIMhigh'' location are 1.0. When the source is on, however, the monitor at a location 1.0 m from the source is 1.8 to 5.5 times the mean and 1.3 to 3.7 times the median of the SIM location. For the 5± 10 m particles, human activity seems to have a more important impact on ratios than does the particle source. However, the median ratios for the coarser particles were lower than for the finer particles, indicating that neither method of airborne particle generation raised the course particle levels substantially above background. To characterize the proximity effect for this particle size class, additional experiments are required which use a source of coarser particles with an emission rate large enough to cause a significant elevation above pre -experiment indoor particle levels.
In all of our experiments, concentrations of fine particles appear to be affected more strongly by the emission source than by human activity, and the coarser particles appeared to be more affected by the human -activity periods than by the combustion source. To examine which particle sizes are exerting the major influence on the total airborne mass during different periods of the experiments, we converted the numbers provided by the Met -One laser particle counters to volume concentrations by assuming spherical particles and using a continuous approximation (developed to reduce biases introduced by the usual midpoint approximations ) to select a representative diameter for each size range. Figure 9 provides time series plots the estimated volumes for fine PM 2.5 ( 0.3 to 2.5 m ) and coarser ( 2.5 to 10 m) particles. Measurements shown are taken at a horizontal distance of 1.0 m from the source, at a height of 1.53 m, and at an angle of 1658. The sum of the two plots represents the PM 10 concentration. Air quality standards for ambient particulate matter, which are intended to protect human health, are based on airborne mass concentration, not the positive counts. Assuming an average particle density of 1 g/cm 3 , the volume concentrations ( in m 3 /cm 3 of air ) in Figure 9 can be viewed as equivalent to mass concentrations (in g/m 3 of air ). Since the late 1980s, federal air quality standards have focused on particles with aerodynamic diameters smaller than or equal to 10 m (PM 10 ); revised standards now also include PM 2.5 .
As seen in Figure 9 , the small time delay seen between ignition of the incense and the onset of elevated concentrations is likely caused by the microplumes meandering in different directions than the monitoring location. For a few experiments, this time delay was more substantial. Microplume activity was highly variable, with most highconcentration impulses occurring during and after the second human activity period when the incense was lit; this suggests that the direction of microplume movement may be influenced by human activities as well as other indoor environmental factors.
Prior to the start of human activity, indoor PM 2.5 is approximately 4 g/m 3 , while PM 10 was at about 8 g/ m 3 ( Figure 9 ). During the first activity period ( prior to ignition of the incense ), no significant change is seen in PM 2.5 , but the PM 10 mass increased to approximately 14 Table 6 . Ratios of mean and median particle counts for a location 1.0 m from source ( 1 in Figure 2 ) mg /m 3 . At the end of the source emission period, PM 10 has reached approximately 24 ± 28 g/m 3 , while PM 2.5 is up to 14 ±18 g/m 3 ; thus, the increase in PM 10 concentration is due to fine (PM 2.5 ) mass emitted from the incense. During the subsequent decay period, the fine particles continue to dominate due to their slower removal. While coarser particles return to their preexperimental mass concentration levels in less than 1 h, it takes more than 3 h for PM 2.5 levels to dissipate to 4 g/m 3 .
In summary, this first set of particle matter experiments focusing on buoyant emissions (from incense ) and human activity as sources shows the following: o A pronounced source proximity effect for the 0.5 ±2.5 m particles occurs when the incense is burning; at 1.0 m from the incense source, mean concentration levels of these particle sizes were, on average, 3.0 times the simultaneously measured SIM levels during the 90-min combustion period.
o For the coarser-sized particles, human activity appears to be a more significant source of particle generation than the combustion of incense. o Human activity appears to influence the direction of the microplume movement from the incense under our experimental conditions, suggesting that human activity as well as other indoor environmental factors can influence the magnitude and location of the source proximity effect. o The indoor mass concentrations of PM 10 and PM 2.5 in close proximity to sources can vary greatly with time, due to the contributions of different activities. In experiment 12, PM 2.5 levels at a horizontal distance of 1.0 m from the incense increased by approximately threefold (from 4 to about 16 g/m 3 ) while the incense was burning, and then took more than 3 h to dissipate to pre -experimental levels. Human activities in the vicinity of the monitor more than doubled the concentrations of coarser (2.5 ± 10 m ) particles (from 4 to 8± 12 g/ m 3 ). Figure 9 . Time series plot of 1 min data for estimated volumes of fine ( 0.3 ± 2.5 m ) and coarser ( 2.5 ± 10 m ) particles for one experimental session at a horizontal distance of 1.0 m from the source, at a height of 1.53 m, and at 1658 relative to the source. Periods of source emissions and human activity are shown. Corresponding ratios of counts are given in Table 6 .
Findings for particle -bound PAH time series
Time series plots were created for particle -bound PAH concentrations at two different distances from the continuously emitting point source. Figure 10a shows readings at a 1.0 m horizontal distance from the source, at a height of 0.61 m, and at a 458 angle (position C1 in Figure 2 denoted here as``d100.hbl.a45'') . Figure 10b shows readings at the same height and angle, but at a horizontal distance of 0.25 m from the source (position A1 in Figure 2 denoted as`d 25.hbl.a45'') . Each graph shows 7200 1 -s readings. Both the top and bottom graphs show a gradually changing baseline concentration time series with a set of impulses of very high concentrations superimposed on the baseline time series. Careful examination shows that many of the impulses occur at nearly the same times on both graphs, except that the impulses are much greater in magnitude at the 0.25 m location than at the 1.0 m location. Each impulse lasts only briefly, typically about 15 s, and an effect of these concentration impulses is to cause the overall means for the two concentration time series to differ. The observed mean concentration is 450 ng/m 3 at 0.25 m, 22% higher than the observed mean concentration of 367 ng /m 3 at 1.0 m. Similarly, the sample standard deviation at 0.25 m is 404 ng /m 3 , 90% higher than the sample standard deviation of 213 ng /m 3 at 1.0 m. Thus, these brief impulses are stronger and more numerous close to the source, and their net effect is to increase the variability and to raise the average concentration, thereby causing a proximity effect for particles. Many of the impulses arrive close together in time at both locations but are attenuated at the more distant sampling point.
Due to the high time resolution of the PAH monitor, it is possible to examine the properties of the particulate concentration time series with considerable detail. Our analyses are attempting to examine the time series characteristics of these impulses, their frequency, their relative strength as a function of distance from the source, and the indoor factors responsible for them.
Implications for modeling
This paper describes the experimental design and monitoring methods being used to quantify the proximity effect in a home. Preliminary data analytic results presented in this paper offer insights into modeling approaches as well as future experimentation. Data collected in the SF 6 experiments describe how tracer concentrations depend on the monitoring location, air exchange rates, and source strengths. It appears that the proximity effect is a nonlinear function of these variables, with complex patterns of random variability.
The CO concentration time series at the different monitoring sites reflect the sum of a baseline concentration and the arrivals of microplumes. To model the source proximity effect using the multiple monitor data, a``superposition'' space ±time modeling approach is envisioned, in which the concentration at any point in the room at any time during the experimental period is decomposed into the sum of a slowly varying baseline component and a rapidly varying component associated with microplumes.
This superposition model would provide a framework for modeling the proximity effect. The rapidly varying component of the concentration time series can be viewed as a sequence of microplume arrivals. The statistics of the arrival rates, durations, and peak concentrations of the microplumes could be used to describe characteristics of the proximity effect at each location. Further modeling efforts can also incorporate the complex effects of human activity seen in the particle experiments.
By investigating characteristics of the personal cloud, discrepancies between PEM and SIM measurements can be explained, leading to better designs for studies of human exposure indoors. With improved experimental and mode-ling approaches, human exposure to pollutants indoors can be more accurately characterized in terms of likely concentrations at different locations and associated uncertainties. Such information will allow the public to make informed decisions about controlling personal exposures, and will provide government officials with the information needed to protect public health indoors.
